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We report a study of the noncentrosymmetric TaReSi superconductor by means of the muon-spin rotation and
relaxation («SR) technique, complemented by electronic band-structure calculations. Its superconductivity, with
T. = 5.5 K and upper critical field pnoH.(0) ~ 3.4 T, was characterized via electrical-resistivity and magnetic-
susceptibility measurements. The temperature-dependent superfluid density, obtained from transverse-field uSR,
suggests a fully gapped superconducting state in TaReSi, with an energy gap Ay = 0.79 meV and a magnetic
penetration depth Ay = 562 nm. The absence of a spontaneous magnetization below 7., as confirmed by zero-
field ©SR, indicates a preserved time-reversal symmetry in the superconducting state. The density of states
near the Fermi level is dominated by the Ta- and Re-5d orbitals, which account for the relatively large band
splitting due to the antisymmetric spin-orbit coupling. In its normal state, TaReSi behaves as a three-dimensional
Kramers nodal-line semimetal, characterized by an hourglass-shaped dispersion protected by glide reflection.
By combining nontrivial electronic bands with intrinsic superconductivity, TaReSi is a promising material for
investigating the topological aspects of noncentrosymmetric superconductors.

DOI: 10.1103/PhysRevB.107.224504

I. INTRODUCTION

In crystalline solids, a suitable combination of space, time-
reversal, and parity symmetries often gives rise to exotic
quasiparticles, analogous to the particles predicted in high-
energy physics, such as Dirac, Weyl, or Majorana fermions
[1-8]. In particular, materials which lack an inversion cen-
ter are among the best candidates for studying topological
phenomena, since most of them also exhibit nonsymmorphic
symmetry that can often generate unusual types of fermionic
excitations. For instance, Weyl fermions were experimentally
discovered as quasiparticles in noncentrosymmetric tantalum
and niobium pnictides [9-12]. Noncentrosymmetric materials
can also host exotic fermions with an hourglass-shaped disper-
sion protected by glide reflection [13—15], which are known
to exhibit interesting topological properties. In addition,
Kramers nodal-line (KNL) fermions were recently forecasted
to occur in noncentrosymmetric metals with a sizable spin-
orbit coupling (SOC) [16,17]. To date, research on topological
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materials has been primarily focused on the case of noninter-
acting electronic bands. On the contrary, the interplay between
topology and correlated electronic states, such as supercon-
ductivity (SC) or magnetism, remains largely unexplored.
Many noncentrosymmetric topological materials also ex-
hibit superconductivity and, in view of their structure, are
known as noncentrosymmetric superconductors (NCSCs).
In NCSCs, the antisymmetric spin-orbit coupling (ASOC)
allows, in principle, the occurrence of admixtures of spin-
singlet and spin-triplet superconducting pairing, whose degree
of mixing is generally believed to be determined by the
strength of ASOC [18-20]. This sets the scene for a variety of
exotic superconducting properties, e.g., nodes in the energy
gap [21-24], multigap SC [25], upper critical fields beyond
the Pauli limit [26-28], and breaking of time-reversal symme-
try (TRS) in the superconducting state [24,29-35].
Noncentrosymmetric superconductors also provide a
fertile ground in the search for topological SC and
Majorana zero modes, with potential applications to quantum
computation [36—43]. Among the many routes attempted to
realize it, one approach consists in combining a conventional
s-wave superconductor with a topological insulator to form
a heterostructure. The proximity effect between the resulting
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surface states can lead to an effective two-dimensional SC
with p + ip pairing, known to support Majorana bound states
at the vortices [44—46]. One can also consider introducing
extra carriers (e.g., via chemical doping) into a topological
insulator to achieve topological superconductivity [47,48]. A
more elegant and clean route to attain topological SC is that of
combining nontrivial electronic bands with intrinsic supercon-
ductivity in the same compound [49]. Some of the materials
with nontrivial electronic band structures display topological
surface states with spin-polarized textures [1-8]. When the
bulk of the material transitions into the superconducting state,
the proximity effect can give rise to topological superconduct-
ing surface states. Such protected surface states have been
proposed, for instance, in noncentrosymmetric §-BiPd and
PbTaSe, superconductors, both considered as suitable plat-
forms for investigating topological SC [50,51]. Clearly, to
pursue the “intrinsic” route, it is of fundamental interest to
identify new types of superconductors with a nontrivial band
topology.

Recently, NCSCs have become one of the most inves-
tigated superconducting classes due to their unconventional
and topological nature. To this superconducting family belong
also the TiFeSi-type materials, such as TRuSi and TReSi
(with T a transition metal). The normal states of TaRuSi
and NbRuSi are three-dimensional KNL semimetals, char-
acterized by large ASOCs and by hourglass-like dispersions
[52]. Both compounds spontaneously break the TRS in the
superconducting state and adopt a unitary (s + ip) pairing,
reflecting a mixture of spin singlets and spin triplets. TaReSi
also belongs to the TiFeSi family, and becomes a super-
conductor below 5.5 K [53]. Although certain properties of
TaReSi have been previously investigated [54], its supercon-
ducting properties, in particular, the superconducting order
parameter, have not been explored at a microscopic level.
In this paper, by combining muon-spin relaxation and ro-
tation (uSR) measurements with electronic band-structure
calculations, we show that TaReSi exhibits a fully gapped
superconducting state with a preserved TRS. It shares similar
band topology with TaRuSi and NbRuSi, whose Kramers and
hourglass fermions can easily be tuned toward the Fermi level
by chemical substitutions. TaReSi serves as another candidate
material for investigating the interplay between topological
states and superconductivity.

II. EXPERIMENTAL DETAILS

Polycrystalline TaReSi samples were prepared by arc-
melting stoichiometric Ta slugs (Alfa Aesar, 99.98%),
Re powders (ChemPUR, 99.99%), and Si chunks (Alfa Aesar,
99.9999%) in a high-purity argon atmosphere. To improve
sample homogeneity, the ingots were flipped and remelted
more than six times. The resulting samples were then sep-
arated and annealed at 900 °C and 1100 °C for two weeks,
respectively. An as-cast sample (denoted as S1) and samples
annealed at 900 °C (S2) and 1100°C (S3) were studied. As
shown in the inset of Fig. 1, TaReSi crystallizes in an or-
thorhombic structure with a space group of Ima2 (No. 46)
[54]. All samples were characterized by electrical-resistivity
and magnetization measurements, performed on a Quantum
Design physical property measurement system (PPMS) and
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FIG. 1. The temperature-dependent volume magnetic suscepti-
bility xv(7T') (a) and electrical resistivity p(7") (b) for TaReSi. The
results of an as-cast sample (S1) and of samples annealed at 900 °C
(S2) and 1100°C (S3) are shown. While p(T) was measured in a
zero-field condition, xv(7) data were collected in a magnetic field
of 1 mT. The susceptibility data were corrected to account for the
demagnetization factor. The inset in (a) shows the crystal structure
of TaReSi viewed along the ¢ axis and its mirror plane, while the
black lines mark the unit cell. Green, blue, and red spheres are Ta,
Re, and Si atoms, respectively. The inset in (b) shows the po(T") of S2
up to 300 K.

a magnetic property measurement system (MPMS), respec-
tively. The bulk SR measurements were carried out at the
multipurpose surface-muon spectrometer (Dolly) on the 7E1
beamline of the Swiss muon source at Paul Scherrer Insti-
tut, Villigen, Switzerland. The samples were mounted on a
25-um-thick copper foil which ensures thermalization at low
temperatures. The time-differential ©SR data were collected
upon heating and then analyzed by means of the musrfit soft-
ware package [55].

First-principles calculations were performed based on
the density functional theory (DFT), as implemented in
the Quantum ESPRESSO package [56,57]. The exchange-
correlation function was treated with the generalized gradient
approximation using the Perdew-Burke-Ernzerhof (PBE)
realization [58]. The projector augmented wave pseudopo-
tentials were adopted [59]. We considered 13 electrons for
Ta (5s26s%5p°5d3), 15 electrons for Re (55%6s25p°5d°),
and 4 electrons for Si (3s23p?) as valence electrons. The
calculations use the measured lattice parameters a = 7.002 A,
b=11.614 A, and ¢ = 6.605 A, and coordinates Ta; (0.2500,
0.2004, 0.2964), Ta, (0.2500, 0.7793, 0.2707), Tas (0.2500,
0.9979, 0.9178), Re; (0, 0, 0.25), Re, (0.0295, 0.3764,
0.1200), and Si; (0.25, 0.9747, 0.5055), Si, (0.0060, 0.1675,
0.9953) for TaReSi and include also the spin-orbit coupling
effects [53]. The kinetic energy cutoff for the wave functions
was set to 60 Ry, while for the charge density it was fixed
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to 600 Ry. For the self-consistent calculations, the Brillouin
zone integration was performed on a Monkhorst-Pack grid
mesh of 10x10x 10k points, which ensures their unbiased
sampling. The convergence criterion was set to 10~/ Ry.
The Hf and W doping effects were simulated by the virtual
crystal approximation (VCA) [60] implemented in the Vienna
Ab initio Simulation Package (VASP) [61,62].

III. RESULTS AND DISCUSSION

The bulk superconductivity of the TaReSi samples was
first characterized by magnetic-susceptibility measurements,
using both field-cooling (FC) and zero-field-cooling (ZFC)
protocols in an applied magnetic field of 1 mT. As shown
in Fig. 1(a), a clear diamagnetic response appears below the
superconducting transition at 7. = 5.5 K for S2. The samples
S1 and S3 show a slightly lower transition temperature, i.e.,
T.~5.0 K. After accounting for the demagnetization factor,
the superconducting shielding fraction of TaReSi samples is
close to 100%, indicative of bulk SC.

The temperature-dependent electrical resistivity p(7") of
TaReSi samples was measured from 2 K up to room temper-
ature. It reveals a metallic behavior, without any anomalies
associated with structural, magnetic, or charge-density-wave
transitions at temperatures above 7. [see lower inset in
Fig. 1(b)]. The electrical resistivity in the low-7 region is
plotted in Fig. 1(b), clearly showing the superconducting tran-
sition of all the samples. A 7°™* = 6.1, 7.0, and 7.5 K, and
T7*° =48, 5.6, and 4.6 K were identified for the S1, S2,
and S3 samples, respectively. The 7° values are consistent
with the transition temperatures determined from the mag-
netic susceptibility [see Fig. 1(a)]. In view of its higher 7. and
narrower AT, transition, most of the SR measurements were
performed on the TaReSi sample S2.

To determine the lower critical field H.;, to be exceeded
(at least twice) when performing @SR measurements on
type-1I superconductors, the field-dependent magnetization
M (H) of TaReSi was measured at various temperatures. Here,
the M(H) data of the S2 sample are shown in Fig. 2(a), with
the other samples showing a similar behavior. The estimated
H_.| values at different temperatures (accounting for a demag-
netization factor), determined from the deviations of M (H)
from linearity, are summarized in Fig. 2(b). The solid lines
are fits to woH.1(T') = poH: (0)[1 — (T/TC)Z] and yield the
lower critical fields poH:;(0) = 6.6(1), 6.4(1), and 5.5(1) mT
for S1, S2, and S3 samples, respectively.

To investigate the upper critical field H, of TaReSi,
we measured the temperature-dependent electrical resistivity
p(T,H) at various applied magnetic fields, as well as the
field-dependent magnetization M(H, T') at various tempera-
tures. As shown in Fig. 3(a), upon increasing the magnetic
field, the superconducting transition in p(7") shifts to lower
temperatures. Similarly, in the M (H) data, the diamagnetic
signal vanishes once the applied magnetic field exceeds the
upper critical field H, [see inset in Fig. 3(b)]. Figure 4
summarizes the upper critical fields H., versus the reduced
superconducting transition temperatures 7./7.(0) for all the
TaReSi samples, as identified from the p(7T, H) and M(H, T)
data. To determine the upper critical field at 0 K, the H»(T")
data were analyzed by means of a semiempirical Ginzburg-
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FIG. 2. (a) Field-dependent magnetization curves collected at
various temperatures after cooling the S2 sample in zero field (the
other samples behave similarly). (b) Lower critical fields H,; vs tem-
perature. Solid lines are fits to pwoH. (T) = poH, (0)[1 — (T/T,)?].
For each temperature, H.; was determined as the value where M (H)
starts deviating from linearity [see dashed line in panel (a)].

Landau (GL) model, H., = H.(0)(1 —¢%)/(1 +¢?), where
t =T/T.(0). As shown by the solid lines, the GL model
gives noH(0) = 3.7(1), 3.4(1), and 3.3(1) T for the TaReSi
samples S1, S2, and S3, respectively. As for the electrical-
resistivity data, the derived H.;(0) values are much larger
than the bulk values determined from magnetization data.
The different T, or H,, values might be related to a strongly
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FIG. 3. (a) Temperature-dependent electrical resistivity for var-
ious applied magnetic fields. 7, was determined as the onset
temperature where the resistivity drops to zero. (b) Field-dependent
magnetization (up to 4 T) collected at various temperatures below
T.. The inset shows the high-field range of the M (H) curve at 2 K.
H,, was chosen as the field where the diamagnetic response vanishes
(indicated by an arrow). The reported data refer to the sample S2;
samples S1 and S3 show similar features.
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FIG. 4. Upper critical field H., vs the reduced temperature
T /T.(0) for the different TaReSi samples. The 7, and H,, values were
determined from the measurements shown in Fig. 3. Full symbols
refer to magnetization, while empty symbols to resistivity measure-
ments. Note the systematically higher values in the latter case. Solid
lines represent fits to the GL model.

anisotropic upper critical field, or to the appearance of sur-
face/filamentary superconductivity above bulk 7.. Moreover,
although the magnetization and electrical-resistivity measure-
ments reveal different sample qualities, the superconducting
properties of TaReSi seem to be robust. Such an insensitivity
of SC to nonmagnetic impurities or disorder implies an s-wave
pairing in TaReSi, as further evidenced by the SR measure-
ments (see below).

In the GL theory of superconductivity, the coherence length
& can be calculated from & = /®y/27 H,, where &y =
2.07x 103 T nm? is the quantum of magnetic flux. With a bulk
woH»(0) = 3.4(1) T (for S2 sample), the calculated £(0) is
9.8(1) nm. The magnetic penetration depth A is related to
the coherence length £ and the lower critical field puoH,; via
noH, = (@0/4nkz)[ln(x) + 0.5], where « = A/& is the GL
parameter [63]. By using 1o = 562(3) nm, we find pnoH, =
2.4(1) mT, which is smaller than the value determined from
the magnetization data (see Fig. 2). Such difference in H.;, as
well as the unusual behavior in H,, might be attributed to the
anisotropic TaReSi superconductivity. To clarify this, studies
on the single crystals are required.

Since certain rhenium-based superconductors are known
to break time-reversal symmetry in their superconducting
state [32-35,64], to verify the possible breaking of TRS in
TaReSi, we performed zero-field (ZF) uSR measurements
in its normal and superconducting states. This technique is
very sensitive to the weak spontaneous fields expected to
arise in these cases [64]. As shown in Fig. 5, the ZF-uSR
spectra of TaReSi lack any of the features associated with
magnetic order or magnetic fluctuations. Indeed, in the data
sets collected above (8 K) and below 7. (0.3 K), neither
coherent oscillations nor fast decays could be identified. In
the absence of an external magnetic field, the muon-spin
relaxation is mainly determined by the randomly oriented
nuclear moments. As a consequence, the ZF-uSR spectra can
be modeled by means of a phenomenological relaxation
function, consisting of a combination of a Gaussian
and a Lorentzian Kubo-Toyabe relaxation [65,66], i.e

AZF—A[ + 2 (1 o2t>— Azpt)e™ 7’AZF’)]+Ab Here,
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FIG. 5. ZF-uSR spectra collected in the superconducting (0.3 K)
and in the normal state (8 K) of TaReSi. The practically overlapping
data sets indicate the absence of TRS breaking, whose occurrence
would have resulted in a stronger decay in the 0.3 K case.

A, and Aypg are the initial asymmetries for the sample and
sample holder, and ozr and Azp represent the zero-field
Gaussian and Lorentzian relaxation rates, respectively. The
solid lines in Fig. 5 are fits to the above equation, yielding
ozr =0.231(1) us~! and Azp = 0.005(2) us~!' at 8 K and
ozr = 0.234(1) us’l and Azg = 0.003(2) us’l at 0.3 K. The
relaxation rates in the normal and the superconducting states
of TaReSi are almost identical, visually confirmed by the
overlapping ZF-uSR spectra in Fig. 5. The absence of an
additional uSR relaxation below 7. excludes the breaking
of TRS in the superconducting state of TaReSi. On the
contrary, the enhanced ozg below T, in TaRuSi and NbRuSi
provides clear evidence of the occurrence of spontaneous
magnetic fields, which break the TRS at the superconducting
transition [52,67]. Such a selective occurrence of TRS
breaking, observed also in other superconducting families
[64], independent of the ASOC, is puzzling and not yet fully
understood, clearly demanding further investigations. Future
ZF-1SR measurements on the TaRu;_,Re,Si series could
potentially clarify this issue.

To investigate the superconducting pairing in TaReSi, we
carried out systematic temperature-dependent transverse-field
(TF) 1SR measurements in an applied field of 40 mT. Rep-
resentative TF-uSR spectra collected in the superconducting
and normal states of TaReSi are shown in Fig. 6(a). In the
superconducting state (e.g., at 0.3 K), the development of a
flux-line lattice (FLL) causes an inhomogeneous field distri-
bution and, thus, it gives rise to an additional damping in the
TF-uSR spectra [66]. In such case, the TF-uSR spectra are
generally modeled using [68]

Atp(t) = Y Ajcos(y,Bit + ¢)e "

i=1
+ Apg cOS(YBogt + ). (1)

Here A;, Apg and B;, By, are the initial asymmetries and
local fields sensed by implanted muons in the sample
and sample holder, y, /27w = 135.53 MHz/T is the muon
gyromagnetic ratio, ¢ is a shared initial phase, and o;
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FIG. 6. (a) TF-uSR spectra of TaReSi collected in the supercon-
ducting (0.3 K) and normal (7 K) states in an applied magnetic field
of 40 mT. Dashed and solid lines are fits to Eq. (1) using one and two
oscillations. In the latter case, each contribution is shown separately
as dash-dotted lines, together with a background contribution. Fits
with two oscillations show a goodness-of-fit value x2~1.0, smaller
than the one-oscillation fits ( szfvl .6).

is the Gaussian relaxation rate of the ith component. In
general, the field distribution p(B) in the superconducting
state is material dependent. In case of a symmetric p(B),
one oscillation (i.e., n = 1) is sufficient to describe the
TF-uSR spectra, while for an asymmetric p(B), two or more
oscillations (i.e., n > 2) are required. Here, we find that
Eq. (1) with n = 2 can describe the experimental data quite
well [see solid lines in Fig. 6(a)]. The derived muon-spin
relaxation rates o; are small and temperature-independent
in the normal state, but below 7, they start to increase
due to the onset of FLL and the increased superfluid
density [see inset in Fig. 7]. Then, the effective Gaussian
relaxation rate o can be calculated from o3 /y,; = Zf:l A;
[0?/y} — (B; — (B))*]/Aw [68], where (B)=(A;B;+
Ay By)/Aix and A = A; +A;. Considering the constant
nuclear relaxation rate o, in the narrow temperature range
investigated here, confirmed also by ZF-uSR measurements

O TF-40 mT 4
—— s-wave
- - - p-wave

T(K)

FIG. 7. Temperature dependence of the superfluid density of
TaReSi. The inset shows the muon-spin relaxation rates o;(T) vs
temperature. The solid, dashed, and dash-dotted lines represent fits to
the s-, p-, and d-wave model, with x2~1.1, 1.8, and 5.2, respectively.

(see Fig. 5), the superconducting Gaussian relaxation rate can

be extracted using oy = /0% — 02

In TaReSi, the upper critical field poH(0)~3.4 T is sig-
nificantly larger than the applied TF field (40 mT). Hence,
we can ignore the effects of the overlapping vortex cores
when extracting the magnetic penetration depth from the mea-
sured o,.. The effective magnetic penetration depth A.¢ can
then be calculated by using GSZC(T)/)/I% = 0.00371d>%/)»gff(T)
[63,69]. Figure 7 summarizes the temperature-dependent
inverse square of magnetic penetration depth, which is pro-
portional to the superfluid density, i.e., )Le_ffz(T) X psc(T). The
pse(T) was analyzed by applying different models, generally
described by

pSC(T)=1+2</OOL£dE> @
FS

Ak /E2_A% aE

Here, f = (1 + €£/k7)~1 is the Fermi function and ( )gs rep-
resents an average over the Fermi surface (assumed to be an
isotropic sphere, for s-wave superconductors) [70]; Ax(T) =
A(T )bk is an angle-dependent gap function, where A is the
maximum gap value and §y is the angular dependence of the
gap, equal to 1, cos2¢, and sin 8 for an s-, d-, and p-wave
model, respectively, with ¢ and 6 being the azimuthal an-
gles. The temperature dependence of the gap is assumed to
follow A(T) = Agtanh{1.82[1.018(T./T — 1)]°'} [70,71],
where Ay is the gap value at 0 K. Three different models,
including s-, p-, and d-wave ones, were used to describe
the A;%(T) data. For an s- or p-wave model [see solid and
dashed lines in Fig. 7], the best fits yield the same zero-
temperature magnetic penetration depth Ag = 562(3) nm, but
different superconducting gaps Ap = 0.79(2) and 1.05(2)
meV, respectively, while for the d-wave model, the gap size
is the same as the p-wave model, but the Ay = 510(3) nm
is much shorter. As can be seen in Fig. 7, the temperature-
independent )Le_f?(T) for T < 2 K strongly suggests a fully
gapped superconducting state in TaReSi. As a consequence,
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)Le_f?(T) is more consistent with the s-wave model, here re-
flected in the smallest 2. In the case of a p- or d-wave model,
a less-good agreement with the measured A_Z(T) is found,
especially at low temperatures. Although the unitary (s + ip)
pairing [52] can also describe the nodeless SC in TaReSi,
its preserved TRS excludes such a possibility. In summary,
TF-uSR combined with ZF-uSR data, indicate that TaReSi
behaves as a conventional fully gapped superconductor with
preserved TRS.

We also note that due to the lack of inversion symmetry
in TaReSi, a mixing of spin-singlet and spin-triplet pairing is
allowed. Such mixing not only can be consistent with a fully
gapped superconducting state but, more importantly, it can
lead to unconventional or even topological SC. Indeed, our
TF-uSR results clearly suggests a fully gapped superconduct-
ing state, here fitted by using an s-wave model (see Fig. 7).
However, this does not imply that s-wave pairing is the only
possibility. Mixed singlet-triplet pairings also allow for a fully
gapped superconducting state, which in principle is allowed
by the presence of ASOC [72]. Furthermore, topological SC
can occur when the pairing gap changes sign on different
Fermi surfaces according to the topological criterion [73].
For a minimal single-band model, there are two spin-split
Fermi surfaces, whose gaps are given by Ag = A((kg), which
implies that a sign change occurs when Ay < A((kg).

To gain further insight into the electronic properties of
the TaReSi superconductor, we also performed band-structure
calculations using the density-functional theory. The elec-
tronic band structure of TaReSi and its density of states
(DOS) are summarized in Fig. 8. Close to the Fermi level
Eg, the DOS is dominated by the Ta- and Re-5d orbitals,
while the contribution from Si-3p orbitals is negligible. The
dominance of high-Z orbitals might lead to a relatively large
band splitting. In TaReSi, the estimated DOS at Ef is about
1.1 states/(eV f.u.) [= 6.5 states/(eV cell)/Z, with Z = 6 the
number of atoms per primitive cell]. This is comparable to the
experimental value of 2.3 states/(eV f.u.), determined from the
electronic specific-heat coefficient [54]. The electronic band
structure of TaReSi, calculated by ignoring and by considering
the spin-orbit coupling, is shown in Fig. 8(b). When taking
SOC into account, the electronic bands split due to the lifting
of degeneracy, with one of them ending up closer to the Fermi
level. The band splitting Easoc caused by the ASOC is clearly
visible in TaReSi, e.g., near the X (X)), Y, and W points. The
estimated band splitting in TaReSi is Exsoc~300 meV, which
is much larger than that of NbRuSi (~100 meV), but com-
parable to TaRuSi (~300 meV) [52]. Though smaller than
the band splitting in CePt3Si [74], it is comparable to that
of CaPtAs and Li,Pt3B [24,75], and much larger than that
of most other weakly correlated NCSCs [19]. The Exsoc of
TaReSi is almost twice larger than that of the analog NbReSi
compound (Exsoc~150 meV) [28,76]. The latter crystallizes
in a ZrNiAl-type noncentrosymmetric structure (P62m, No.
189) and exhibits features of unconventional superconductiv-
ity; e.g., its Hy exceeds the Pauli limit. However, the H.,
of TaReSi is much smaller than that of NbReSi, the former
being mostly determined by the orbital limit. Since Ta has
a much larger atomic number than Nb (and, hence, a larger
SOCQ), it is not surprising that TaReSi exhibits a larger Exsoc,
in particular, considering that its Ta-5d (instead of Nb-4d)
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FIG. 8. (a) Calculated total and partial (Ta-5d, Re-5d, and Si-3p
orbitals) density of states for TaReSi. (b) Electronic band structure
of TaReSi, calculated by ignoring (red) and by considering (blue) the
spin-orbit coupling. Several bands crossing the Fermi level can be
identified.

orbitals contribute as much as Re-5d orbitals to the DOS at
the Fermi energy [see Fig. 8(a)].

According to the Topological Materials Database
[5-7,77-79] and from our own band-structure calculations,
TaReSi can be classified as a symmetry-enforced semimetal,
which shares a similar band topology with NbRuSi and
TaRuSi [52]. In the presence of spin-orbit coupling, owing to
its nonsymmorphic space group (Ima2, No. 46), TaReSi hosts
Kramers Weyl points (KWPs) at the high-symmetry points
and Kramers nodal lines along the high-symmetry lines of
its Brillouin zone. These features are marked by red circles
(KWPs) and green/orange lines (KNLs) in Fig. 9(a). The
high-symmetry points at S and T are time-reversal symmetry
invariant. As a consequence, the respective energies exhibit a
twofold Kramers degeneracy protected by TRS. At the same
time, due to the lack of inversion symmetry in TaReSi, these
points cannot achieve the fourfold degeneracy of Dirac points
and, hence, they are Weyl points. As for the high-symmetry
lines along the I'-Z and R-W directions, the bands form
a two-dimensional representation, i.e., twofold degenerate,
indicating the occurrence of KNLs in TaReSi. Since most of
KNLSs occur near the Eg, with a few of them even crossing
it, similarly to NbRuSi and TaRuSi [52], TaReSi can be
classified as a Kramers nodal-line semimetal (KNLS). At
the high-symmetry S and T points, the KWPs in TaReSi are
closer to Eg than in NbRuSi and TaRuSi [52]. Since the Ru
atoms have one more electron than Re, the KWPs in NbRuSi
and TaRusSi are shifted further below Ef.
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FIG. 9. (a) Illustration of Kramers Weyl points and Kramers nodal lines in TaReSi. The KWPs are marked by red circles, while the KNLs
are depicted by green (along I'—Z) or orange lines (along R—W). (b) Illustration of hourglass-shaped dispersion (purple lines) for TaReSi along
the I'—R—Z direction. The analogous results for TaReSi doped with 5% Hf and 50% W are shown in panels (c)—(d) and (e)—(f), respectively.

More interestingly, as shown by purple lines in Fig. 9(b),
due to its nonsymmorphic space-group symmetry, TaReSi
also exhibits 3D bulk hourglass-type fermions, characterized
by an hourglass cone with five doubly degenerate points
[13,15]. The Ima?2 nonsymmorphic space group contains the
generator of a glide mirror reflection M, = {mqg0/1/2, 0, 0}:
(x,v,2) > (x+ 1/2, —y, z) [see inset in Fig. 1(a)]. Here, the
ky, =0 and 7 planes are M,-invariant planes, where all the
states along the I—R—Z line carry the M, index ie=*/?
and give rise to the 3D bulk hourglass fermions, protected
by the M, operator [80,81]. In this case, at a high-symmetry
point, the k vectors are kr = (0, 0, 0), kg = (0, 1/2, 0), and
kz = (1/2,1/2, —1/2). Therefore, the M, index is £1 at the
R point, and %i at the I" and Z points. In agreement with the
Kramers theorem, each state is twofold degenerate; i.e., pairs
of doubly degenerate states exhibit identical energies, but
carry opposite M, indexes. In the presence of a strong SOC,
these doubly degenerate states split along the R — I" or R —
Z directions. Despite this SOC-induced splitting of bands with
different M, indexes, a residual degeneracy remains, which
could give rise to the noninteracting hourglass fermions in
TaReSi. To date, hourglass fermions were experimentally ob-
served only in very few materials, as e.g., the KHgSb and
Nbs(Si, Ge)Teg topological insulators [82,83]. Here, we es-
tablish that similarly to the NbRuSi and TaRuSi compounds
[52], also TaReSi belongs to this restricted class of materials,
where Kramers Weyl points and hourglass fermions exist and
can be tuned toward Er by Hf or W chemical substitutions
on the Ta site [see Figs. 9(c) and 9(d) for 5%-Hf substitu-
tion and Figs. 9(e) and 9(f) for 50%-W substitution]. At the
same time, we could show that neither chemical substitu-
tion on the Si site (here introduced via Si-to-Ge substitution)
nor physical pressure have appreciable effects on the band
structure of TaReSi. Besides exhibiting nontrivial electronic
bands, TaReSi shows also intrinsic SC at low temperatures.

This remarkable combination makes it a promising candi-
date material for investigating topological superconducting
properties.

IV. CONCLUSION

To summarize, we studied the noncentrosymmetric TaReSi
superconductor by means of uSR measurements and band-
structure calculations. The superconducting state of TaReSi
is characterized by a T, of ~5.5K and an upper criti-
cal field uoH(0) of ~3.4 T. The temperature-dependent
superfluid density reveals a fully gapped superconduct-
ing state in TaReSi. The lack of spontaneous magnetic
fields below 7, indicates a preserved time-reversal sym-
metry in the superconducting state of TaReSi. Electronic
band-structure calculations reveal that TaReSi shares a sim-
ilar band topology to NbRuSi and TaRuSi, which also
belong to the three-dimensional Kramers nodal-line semimet-
als. It, too, features hourglass fermions, protected by the
nonsymmorphic space-group symmetry. Our results demon-
strate that TaReSi represents a potentially interesting system
for investigating the rich interplay between the exotic elec-
tronic states of Kramers nodal-line fermions, hourglass
fermions, and superconductivity. It will be also interesting
to explore the Zeeman-field-induced Weyl superconductor
in this material. Considering the nontrivial band structure
near the Fermi level and its intrinsic superconductivity,
TaReSi represents one of the promising platforms for in-
vestigating the topological aspects of noncentrosymmetric
superconductors.
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